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In correlated electron systems such as cuprate superconductors and colossal 
magnetoresistive (CMR) oxides there is often a tendency for a nanoscale self-
organization of electrons that can give rise to exotic properties and to extreme non-
linear responses. The driving mechanisms for this self-organization are highly debated, 
especially in the CMR oxides in which two types of self-organized stripes of charge and 
orbital order coexist with each other.  By utilizing angle-resolved photoemission 
spectroscopy measurements over a wide doping range, we show that one type of stripe 
is exclusively linked to long flat portions of nested Fermi surface, while the other type 
prefers to be commensurate with the real space lattice but also may be driven away 
from this by the Fermi surface. Complementarily, the Fermi surface also appears to be 
driven away from its non-interacting value at certain doping levels, giving rise to a host 
of unusual electronic properties. 
2Strong electron correlation effects of various kinds can yield nanoscale self organizations of 
charges, spins, and orbitals, often forming stripe-like patterns (1,2,3). These patterns are 
generally believed to be highly relevant for the exotic physical properties  in the manganites 
for example the temperature-dependent behavior of their scattering intensity typically resembles 
that of the resistivity, arguing for a causal relationship (see Fig. 1D). Despite their importance, 
little direct information exists about how stripe modulations alter or are altered by the electronic 
band structure.  More generally, the manner in which correlation effects alter the non-interacting 
(e.g. band theory) electron behavior is at the heart of modern condensed matter physics, though 
is poorly understood both from theoretical and experimental grounds. In most cases, the 
electronic states near the Fermi level have modified slopes (velocities) and curvature (masses), 
but otherwise the Fermi surface parameters remain essentially unchanged and can be predicted 
from band theory. However, in the presence of the self-organization of electrons the reliability of 
the well-established band theory encounters a greater challenge, with the study of this topic 
highly relevant to many problems in modern condensed matter physics. 
In the family of bilayer manganites La2-2xSr1+2xMn2O7, the delicate competition and 
interplay among charge, spin and orbital degrees of freedom varies with doping and yields a 
wide diversity of phenomena as shown in the doping phase diagram of Fig. 1A (4,5). Some of 
the important regimes such as the CE insulator at x = 0.50 and the bi-stripe insulator at x = 0.60 
are explicitly related to a diagonal stripe type of charge/orbital order (figure 1B), though these 
stripes extend to other parts of the phase diagram with short-range order (5,6,7,8,9,10,11).  There 
also is a vertical type of stripe order (Fig 1C) which exists with short range order for x < 0.5 
(12,13,14,15).  These stripes have gotten lots of attention, partly because the scattering intensity 
has a temperature dependence that very closely matches the electrical resistivity (Fig 1D) 
3(6,7,8,9,12,13,16), indicating their relevance for the transport properties of these materials. The 
origin and nature of these stripe modulations are, however, still quite controversial. 
In k-space (Fig. 1E), the Fermi surface is dominated by one electron-like pocket (black) 
centered at the * point and two hole-like pockets (green) around the zone corners (17,18,19). The 
straight segments near the zone boundary are the bonding (solid green) and the antibonding 
(dashed green) portions of Fermi surface of bilayer-split bands that arise from the coherent 
hopping between the two neighboring MnO2 planes per unit cell (20). The bonding portions of 
the Fermi surface are straighter than the antibonding ones, so we expect these states to be more 
important for any ordering tendencies  an expectation which is borne out in our experiments. 
Superimposed on the Fermi surface are q-vectors for both the diagonal or D stripes (blue) and the 
vertical or V stripes (red).  It is seen that both of them have a possibility to nest the straight 
bonding Fermi surface portions, though whether this actually will happen is under debate (21,22).
ARPES is uniquely suited to measure these Fermi surface k-vectors.  As will be shown later, the 
correlation between stripes and Fermi surface nesting depends upon the specific stripe q-vectors 
and Fermi surface k-vectors, which in turn depends upon the doping levels.
Fig. 2A shows ARPES momentum distribution curves (MDCs) at the Fermi level taken 
along the black cut in Fig. 1E (antinodal states) over a large doping range.  Different photon 
energies were used to emphasize the most relevant portion of the data (20), that is, the bonding 
bands (in the presence of bi-layer splitting band (20)) or the degenerate band (when the splitting 
between bonding and antibonding bands disappears, which occurs at higher doping levels (19)).
The separation of the double peaks is a measure of the nesting vectors.  These nesting vectors, 
2kF, are plotted in Fig. 2B (green circles) as a function of doping level.  They have a large value 
42kF ~ 0.30u(2S/a,0) for intermediate dopings x ~ 0.40  0.50, with noticeably smaller values at 
both higher and lower dopings. Such a non-monotonic evolution with doping is unexpected from 
electronic structure theory (red hatched region - up triangles (see supporting material) and down 
triangles (22)).  In general the theoretical and experimental data show an excellent match for x >
0.5, both including the overall magnitudes and the slope of the trends.  For 0.4 < x < 0.5 the 
overall magnitudes of the vectors are roughly comparable but we notice that the doping trend is 
different the experimental data shows a nearly flat trend with reduced doping while the theory 
clearly continues to increase. This disagreement accelerates even more dramatically for x < 0.4 
where the trend in the experimental data reverses. Such an unusual behavior, breaking from 
electronic structure theory, speaks of novel physics.  First, however, we must argue that the 
observed effect is representative of the bulk. This can be convincingly demonstrated by a 
comparison of the k-vectors measured in our ARPES experiments to q-vectors measured in bulk-
sensitive x-ray and neutron scattering experiments, as will be discussed below. The clear 
correlation we will show between these different types of experiments over so large a doping 
range indicates that the Fermi surfaces measured by the surface-sensitive ARPES technique are 
representative of the bulk, since they agree so well with the bulk-sensitive scattering data. 
Using ARPES, Chuang et al. first pointed out the correlation between the vertical stripes 
and the Fermi surface nesting (bonding band), for the x = 0.4 sample they studied had a 
separation in k-space very similar to the scattering vectors of vertical stripes (21). This 
agreement can be seen in Fig. 2B, where for x = 0.4 both the green circle (ARPES 2kF) and the 
red V (q vector from x-ray scattering) have the same magnitude ~ 0.3u(2S/a) (15,21). More 
recently however, it has been called into question whether the vertical stripe vector is connected 
with the Fermi surface nesting behavior because it was observed that the magnitude of the 
5vertical stripe vectors from the scattering experiments varies with doping in the opposite
direction (12) to the anticipated evolution of the Fermi surface by band structure calculations 
(22). This is most obvious for x < 0.4 where the V vectors decrease with smaller x, while the 
band calculations have an increasing value (red hatched region).  One of the new results here, 
unexpected from previous experience, is that the Fermi surface nesting vectors 2kF (green circles) 
from ARPES measurements also have a backwards trend from the band calculations. In fact, Fig. 
2B shows that the observed V vector very closely matches the measured Fermi surface nesting 
vector 2kF over the entire range where this comparison can be made.  For x < 0.5, an x-ray 
scattering experiment with even finer doping steps has been performed (23) which yields a result 
highly consistent with our ARPES measurements. This is, we argue, conclusive evidence that the 
V-stripe charge/orbital modulations are intrinsically locked to, and originate from, Fermi surface 
nesting.  In this respect the V-stripe modulations appear very similar to a classic charge density 
wave (CDW) and are driven by the nesting properties of the Fermi surface, although as we will 
discuss later here they are richer  consisting of an unusual temperature dependence, very high 
energy scales, etc.
We have also noticed a similar connection between the D vectors and the ARPES 2kF for 
certain doping levels, though not for all doping levels. The D-type modulation possesses one 
well-understood fixed point at the commensurate doing level x = 0.5, where the material is a 
charge-ordered antiferromagnetic insulator.  Here, it is termed “CE” and has a beautiful real-
space picture (Fig. 1B) originally due to Goodenough in 1955 (24), which includes the 
modulation of the charge, spin, orbital, and lattice degrees of freedom.  This real-space 
modulation corresponds to a relatively short vector in k-space: q = (0.25,0.25,0) in units of 2S/a.
Away from x = 0.5 the long-range commensurate modulation of the D vector is lost  in the 
6underdoped regime (x = 0.4  0.5) it keeps its magnitude but becomes short range, while in the 
overdoped regime the D vector magnitude decreases noticeably (blue D’s in Fig. 2B). In the 
regime of x = 0.4  0.5, the D vectors are far away from the nesting vectors but remain 
commensurate with the underlying main crystal lattice, indeed suggesting a real-space origin of 
these modulations. When the D vectors deviate from ((0.25,0.25,0) outside the range of x = 0.4 
0.5 doping, we find that they closely match the Fermi surface nesting vectors 2kF.   This is 
apparent between x = 0.5 and 0.6 as well as for the one point x = 0.38 in the underdoped region. 
Apparently the D vectors have two choices  either to lock in commensurately with the real 
space lattice or to slightly alter the magnitude so as to nest the Fermi surface, which indicates 
that D stripes are under a dual influence from both the lattice structure and the Fermi surface 
topology.
An especially interesting doping point on the diagram is x = 0.38, where we see that the 
scattering vector is pulled away from the commensurate D value of q = 0.25  to q = 0.27u2S/a.
Here we also see that the Fermi surface nesting vector has been pulled down by a significant 
amount from its “expected”, i.e. band calculation value, to the nesting vector (2kF,2kF)u(S/a)
with kF = 0.27 which exactly matches the D vector periodicity. The agreement between these two 
values is unlikely to be a coincidence and suggests strong positive feedback  the ability to nest 
the Fermi surface pulls the D vector away from its preferred value, while also pulling the Fermi 
surface from its preferred value. To our knowledge, this is the first clear evidence in the literature 
of a Fermi surface crossing being modified so as to more positively nest a charge/orbital 
modulation. Measurements on the related copper-oxychlorides also showed a connection 
between real-space charge modulations and structures in k-space (25).  In that case however, the 
7relevant ARPES features were so broad and incoherent, and the dispersion so vertical, that it was 
not even clear if the term “Fermi surface” had meaning. This is not the case for the x = 0.38 
manganites which have strong and sharp quasiparticle excitations at the Fermi level. Such a 
feedback effect on the Fermi surface from the ordering vectors is a beautiful example of the 
coupling of the spin, charge, and orbital degrees of freedom. Regarding the feedback between 
Fermi surface nesting and charge/orbital ordering, one may wonder how the (static) D stripes, 
which have so far been observed only above Tc, can send a feedback to the Fermi surface 
topology measured at low temperature. We note that an indirect evidence of the dynamic CE 
stripes below Tc in x = 0.4 samples has been reported by Weber et al. (26). This gives rise to an 
interesting possibility   the existence of dynamic stripes below Tc would allow the Fermi 
surface nesting and charge/orbital ordering to interact at low temperatures, and they could reach 
a characteristic vector compatible with each of them. 
We also note there are clear difference in other physical parameters of the samples with x < 
0.39 compared to those with x = 0.40 or greater (20,27). In particular, by observing a metallic 
Fermi edge above Tc where the samples are globally insulating, we recently showed the 
emergence of electronic phase separation into metallic and non-metallic regions for x < 0.39 (27), 
which is likely equivalent to phase separation into hole-rich and hole-poor regions.  This 
evidence for phase separation is not apparent in samples with x > 0.4 (21, 28). Such a phase 
separation may be one of nature’s ways of allowing the electron count to match the chemical 
doping level, even while the Fermi surface is distorted away from Luttinger’s homogeneous 
value.
8Scattering measurements indicate that the V stripes exist up to the order of 500K (23).  From 
this we might imagine a BCS weak coupling CDW gap '= 1.76kBTc ~ 75 meV, with the main 
dispersive band reaching this energy scale. In contrast, we find gaps on the scale of hundreds of 
meV as well as broad EDC peaks which are centered at even higher binding energies (Fig. 3A 
for an example from the x = 0.4 material), indicating the cooperation of the stripe/CDW physics 
with another higher energy scale such as polarons, Mott, or orbital physics (17,28). The large 
energy scale gaps the entire Fermi surface (Fig. 3C) and drives the material insulating, though 
there is still a clear underlying k-dependence at deeper energies (Fig. 3D) implying that the 
electrons are still delocalized Bloch-like states. At low temperature, where the energy gain from 
electron itinerancy driven by double-exchange physics (29,30) begins to take over, the stripes 
dissolve and electronic states begin to leak into the gaps (Figs 3B, E, and F).
The unusual doping evolution of the Fermi surface in La2-2xSr1+2xMn2O7 sheds light on 
electron correlation effects, and the failure of band theory calls for a more comprehensive 
understanding of novel materials. The present work brings the origins of different stripes to our 
concern, strengthens the primary role played by the Fermi surface topology, and also indicates a 
very large energy scale for the relevant physics. These findings are directly relevant to some of 
the major questions in many of today’s most interesting systems, in which a nanoscale self-
organization of the charge, spin, and orbital degrees of freedom has also been observed (25,31).
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Fig. 1
Characteristics of La2-2xSr1+2xMn2O7. (A) A schematic phase diagram of La2-
2xSr1+2xMn2O7. The complicated interactions in this material yield a diversity of metallic, 
insulating, paramagnetic, ferromagnetic (FM), antiferromagnetic (AF) states. At exactly 
x=0.50 and x=0.60, the material is an insulator with CE-type and bi-stripe long range 
charge/orbital ordering, respectively. White dots indicate temperature and doping levels 
considered in this paper. (B) “CE” ordering in real space, which is a specific case of 
diagonal stripes. (C) Short range (0.3, 0, 1) vertical stripes in x=0.4 compound, after 
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ref.15. (D) Temperature dependent of resistivity (top, ref.16) and scattering intensity of 
(0.3,0,1) stripe (bottom, ref.13) of x=0.4 compound. (E) A schematic Fermi surface plot 
of La2-2xSr1+2xMn2O7 shows hole-like bonding (solid green) and antibonding (dashed 
green) portions of bilayer-split bands, as well as the electron-like zone center pocket. 
The arrows indicate two types of nesting vectors. As discussed in the text, they 
correspond to “Vertical” (red) and “Diagonal” (blue) stripes.
Fig. 2.
Doping dependence of Fermi surface nesting vectors of La2-2xSr1+2xMn2O7. (A)
Antinodal MDCs at the Fermi level for various doping levels showing a non-monotonic 
evolution with doping. (B) Comparison of experimental data and theoretical calculations. 
Band theory results are shown in triangles with a hatched area indicating the general 
trend. Down-triangles are from ref.22; up-triangles are our own calculations as 
discussed in the supporting material. Filled green circles are ARPES data of the 
bonding bands or the non-bilayer split bands. “V”s and “D”s represent the “vertical 
stripe” and “diagonal stripe” ordering from scattering experiments 
(6,7,8,9,10,11,12,13,14,15). The grey shaded area shows the experimental trend 
determined by ARPES and x-ray scattering. 
Fig 3.
Electronic structure of La2-2xSr1+2xMn2O7 (x=0.4) below and above Tc=120K. (A,B)
Stacked EDCs along the blue cut in the inset, taken at 150 K and 50 K, respectively, 
showing the change of spectral weight. In the inset of panel (A), only the electron-like 
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pocket and hole-like bonding pocket are shown. (C-F) Spectral intensities at constant 
energy across the first Brillouin zone. Panels (C,D) are at 150K and (E,F) at 50K, while 
(C,E) are at EF and (D,F) are at 0.2 eV below EF. Panels (C, D, and E) have an identical 
gray scale while the spectral weight in panel (F) was scaled down by a factor of 4 to 
prevent saturation.
Supporting material: 
Experimental Details: 
The single crystals were grown using the traveling-solvent floating zone method as 
described elsewhere (S1). Our experiments were performed at beamlines 7.0.1, 10.0.1, and 
12.0.1 of the Advanced Light Source, Berkeley using Scienta electron spectrometers. All data 
shown here were taken in a vacuum better than 3u10-11 torr.  Bilayer manganite samples with 
doping levels from x=0.36 to 0.6 (see Fig. 1 for the doping phase diagram) were cleaved and 
measured at 20 K.  We took advantage of our recent discovery of, and ability to deconvolve, 
bilayer splitting in these materials (S2), enabling much more careful studies of the Fermi surface 
nesting vectors. 
Band theory computation:
Detailed calculations of the electronic structure and magnetic configurations of the x=0.5 
hole-doped double layered manganite LaSr2Mn2O7 were performed within the all-electron full-
potential KKR and LAPW methods (S3,S4). We calculated the electronic structure of both 
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ferromagnetic and A-type antiferromagnetic LaSr2Mn2O7. The results for the ferromagnetic case 
are in accord with our previous studies (S5). The electronic structure for the x=0.4 or x=0.6 
compounds was then obtained by using a rigid band model in which the Fermi energy was 
adjusted to accommodate the correct number of electrons in the ferromagnetic or A-type 
antiferromagnetic case. Very similar results are obtained if the virtual crystal approximation 
(VCA) is used to model the effects of La/Sr disorder (S6). To model exchange-correlation effects 
we have considered the Local Spin Density Approximation (LSDA), the Generalized Gradient 
Approximation (GGA), and LSDA+U methods.  For the LSDA+U calculations, we have used 
the Coulomb parameter value of U=7.2 eV suggested by Medvedeva et al. (S7).  The crystal 
parameters were taken from Ref. S8.
The discrepancy between theory and experiment 
The fact that the two completely different types of spectroscopies (scattering and ARPES) 
give such a close agreement indicates to us that they must be returning the correct values, and 
that the band calculation misses some ingredients.  Such a failure of the band calculations to get 
the correct evolution of the Fermi surface with doping is highly unusual. We have considered 
whether the exchange splitting might be suppressed due to screening by more conduction 
electrons at lower hole doping such that electrons fill in the minority bands faster than the rigid 
band model predicts as hole doping decreases. We attempted to test this within the local spin 
density approximation (LSDA) and the generalized gradient approximation (GGA), using the 
virtual crystal approximation (VCA) to go beyond the rigid band filling. Although some changes 
in the band structures are found, the overall doping evolution is similar to the case of rigid band 
filling and fails to explain the non-monotonic behavior seen in experiments. These results are in 
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general consistent with Ref. S9 which failed to show the non-monotonic doping dependence 
shown here.
A couple of options are available to explain the disagreement found here. With the 
presence of dynamic stripes, one has to do with the strong (and potentially intrinsic) 
inhomogeneity in these and other correlated electron systems, whereas the band calculations 
were done for a homogeneous system.  Theoretical calculations have shown that such 
inhomogeneity may have strong and unexpected consequences on the electronic structure (S10).
Additionally, orbital degrees of freedom may play an important role in shifting spectral weight 
from one set of orbitals to another. Band calculations suggest that the proportion between dx2-y2
and d3z2-r2 states in these relevant bands varies with energy and momentum (S9,S11). The 
antibonding band is primarily of dx2-y2 character, while the mixing of dx2-y2 and d3z2-r2 states in 
the bonding band is significant (S9,S11). The electron-like piece of Fermi surface is mainly of 
d3z2-r2 character, but with a small portion of dx2-y2 states near EF (S9,S11). Our preliminary 
ARPES measurements (unpublished) show that the Fermi surface centered at the * point, 
consisting of primarily d3z2-r2 orbital states, vanishes more quickly with increasing doping than is 
predicted by theoretical calculations, with this in fact helping to counter the trends observed for 
the bonding Fermi surface. Other experiments (S12,S13) also suggest that, for x<0.5, doping hole 
carriers removes electrons mainly of d3z2-r2 character, while the electron count of dx2-y2 orbital is 
less modified.  Such a possibility suggests that the additional d3z2-r2 orbital can act as a charge 
“reservoir” or “lever” to enable the bonding band to follow tendencies or preferences other than 
those expected from the rigid doping model in band calculations. 
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